Abstract: In this work, an investigation of the pressure-sensing properties of a silicone rubber was conducted. Small amounts of carbon black were added to the silicone during fabrication and the effect on the sensitivity was explored. A full investigation of the mechanical and electrical properties of each composition shows that adding carbon black to the material greatly increases its sensitivity to pressure. This increase in sensitivity appears to be related to improvements in the material's permittivity, which increases with carbon loading.
Introduction
Pressure measurement is an essential tool, often allowing doctors to make the correct diagnosis and enabling better treatment of injuries and disease. For example, after a serious head injury, monitoring intracranial pressure can give information on any haemorrhaging that may occur [1] . In minimally invasive surgery, pressure sensors are used to compensate for the surgeons lack of tactile sensation [2] . Of the various technologies available for the fabrication of mechanical sensors, thick film and similar technologies are perhaps best equipped to produce robust and cost effective sensors. To date, such technology has been extremely successful in meeting the needs of the automotive industry [3] .
For the production of medical sensors, thick film technology allows the use of wide ranging materials so that structures with the desired physical properties can be realized [4] . Research in this area has recently focused on the implementation of capacitive sensors with silicone as the dielectric layer. This material is often chosen for its good thermal and mechanical properties, in addition to its long-term stability [5] . However, it is commonly noted that a continuous elastomer layer is not sensitive enough and more complex sensor designs are implemented [6] . This has a direct effect on both the time and cost of fabrication. It is hoped that by increasing the 1 sensitivity of the elastomer layer, complicated sensor designs and subsequently the cost of fabrication may be reduced.
To reach this goal, the sensitivity of silicone pressure sensors has been improved by the addition of carbon black. Traditionally, conductive fillers are added to rubbers because of their reinforcing effect. However, they are also used to alter the electrical conductivity of insulating materials. The change in conductivity is due to the formation of conducting chains of carbon black, as described by percolation theory, tunnelling, field emission and space charge limited transport [7] [8] [9] . In previous studies, large quantities of carbon black were added to the silicone such that the material is changed from an insulator to a semiconductor [5] . However in this case, only small quantities of carbon are added so that the material will retain its insulating properties.
After fabrication, the materials chemical, mechanical and electrical properties were examined. The details of fabrication and testing, along with the results obtained, are given in the next sections.
Experimental part
The RTV Silicone Rubber was purchased from WP Notcutt Ltd. and was chosen due to its stability, limited shrinkage and low viscosity. It comes in two parts, a base and a catalyst, which are mixed so that there is 10 parts of base to every 1 part of catalyst. Once the components are mixed there is a two-hour period in which the material remains workable. After this time the materials must be left to cure at room temperature. In this study, samples were left to cure for 24 h. A small amount (0.1 wt.-%) of silicone oil, also produced by WP Notcutt Ltd., was used to ensure that the viscosity of the mixture, prior to curing, remained at a workable level. Due to the small quantities of oil used in these experiments, no leakage of the fluid was observed even when samples were subjected to pressures exceeding 80 kPa. The carbon black used in this work is a 50% acetylene carbon black, supplied by Alfa Aesar, with a quoted particle size of 0.042 µm.
Samples were prepared by mixing the base, catalyst and silicone oil with 0, 2, 4 or 6 wt.-% of carbon black. The degree of mixing is an important parameter, determining the electrical properties of composites containing a conductive filler [10] . Carbon black has a natural tendency to agglomerate and so to ensure an even distribution of carbon black. Each composition was shear mixed, using an IKA ® Ultra-Turrax T 25 basic mixer, for 5 min at 11 000 rpm. Once mixed, each composition was poured into a mould measuring 60 mm x 65 mm and left to cure. Samples prepared for mechanical measurements had a thickness of 1.5 mm, while those prepared for FT-IR analysis had a thickness of 300 µm.
The silicone compounds were examined using a Perkin Elmer spectrum 2000 FT-IR spectrometer, with a resolution of 4 cm -1 . This was done in order to confirm the chemical composition of the silicone rubber. The mechanical properties of the material were examined using a Lloyd Instruments LR50K. Copper electrodes were attached so that capacitive sensors were formed in a metal-insulator-metal arrangement and connected via lead wires to an HP 4192A LF Impedance Bridge. The change in capacitance with increasing pressure was then recorded for each of the samples over the range 0 -80 kPa. In order to assess the sensors' performance over a low-pressure range, a dead weight test rig was used. This spread the applied mass evenly over the surface of each device.
The electrical properties of the materials were investigated using a Solatron S1 1260 Impedance/Gain Phase analyzer equipped with a Solatron 12962 sample holder and Solatron 1296 dielectric interface. The material was placed between the electrodes of the dielectric interface and all measurements made were controlled and recorded via a PC with the Solatron Impedance Measurement Software.
Results and discussion

FT-IR
In order to confirm the materials' chemical composition, transmission mode FT-IR was carried out on pure silicone samples. The resulting spectra were then compared to existing standards. An example of the spectrum obtained for pure silicone samples can be seen in Fig. 1 . The peaks occurring at 2962, 2905, 1412 and 703 cm -1 are considered characteristic of silicones. It is thought that the absence of peaks at wave numbers between 1200 and 790 cm -1 is due to the thickness of the sample. The peaks between 4000 and 3400 cm -1 have previously been attributed to the presence of an -OH end group [11, 12] .
FT-IR was also attempted on samples containing carbon black, in order to assess any structural changes that may have occurred. While peaks characteristic of silicone rubber were observed at 1260, 1020 and 790 cm -1 , it proved impossible to obtain a full spectrum due to the highly absorbing nature of carbon black. However, from data previously obtained for carbon black reinforced polymers, it seems likely that the carbon black does not participate in any crosslinking with the silicone network, but reinforces the structure through the formation of an entanglement network [13] .
Mechanical properties
The capacitance of a parallel plate capacitor, with a dielectric layer between its plates, can be found from the expression given in Eq. (1) .
where C is the capacitance, A is the area of the plate, d is the distance between the two plates, ε o is the permittivity of free space and ε r is the permittivity of the material between the plates. If a force is applied uniformly across the plates of the capacitor, it can be assumed that there will be a reduction in the distance between the plates, ∆d, which will lead to an increase in the capacitance, ∆C. For a non-uniform load applied across the capacitor plates, the situation becomes more complicated and is described in ref. [3] .
To apply a uniform load across the capacitor plates a Lloyd Instruments LR50K was used. The change in capacitance with increasing load was measured and the results are shown in Fig. 2 , where the change in capacitance, ∆C, relative to the initial capacitance, C o , is plotted against the pressure. It can be seen that a sample containing 6 wt.-% carbon is approximately 4 times more sensitive a sample with no additives. It has also been noted that samples containing 6 wt.-% carbon appear to display an increased sensitivity when compared to those, which use pure silicone in a complex sensor structure [14] . In this case, the fabricated sensor was subjected to pressures from 0 to 40 kPa and over this range the sensor's capacitance changed by approximately 1 pF. However, for the 6 wt.-% carbon black samples investigated in this work, the capacitance changed by over 3 pF over the same pressure range. However there are some discrepancies in the results, as at low pressures 4 and 6 wt.
-% carbon appears to exhibit similar behaviour. As the pressure is further increased the sample containing 4 wt.-% carbon begins to saturate and its final values are more closely related to those for 2 wt.-% carbon. Since the LR50K is designed for the measurement of stress-strain curves rather than the application of pressure and measurement of a change in capacitance, the samples were also tested over a small pressure range using a dead weight test rig, which distributed pressures up to 10 kPa evenly over the sensor surface. The results are shown in Fig.  3 , where it can be seen that there is no overlapping of results. Thus it is concluded that the inaccuracies were caused by the previously used measurement system. As a result, the LR50K was not used for any further measurements. As stated previously, the LR50K can also be used, in compression mode, to determine the stress-strain curves of the silicone. Young's modulus can be defined as the slope of the initial linear portion of the graph showing stress against strain, obtained by either tension or compression of the sample. As a result the change in Young's modulus with carbon loading can be determined. It must be remembered that, for silicone rubber, a high degree of cross-linking means that for small values of stress, the slope of the graph will be low. However, as the load is increased, the polymer chains relax, and at this stage the slope of the graph will increase [15] . As a result, an initial linear portion of the graph is difficult to discern and Young's modulus of silicone elastomers has been quoted to be as low as 0.13 MPa and as high as 2.96 MPa [16, 17] . In this study the value of 0.88 MPa has been recorded for the pure silicone samples. This increases to 2 MPa for samples reinforced with 6 wt.-% carbon, showing that the added carbon has a reinforcing effect on the silicone rubber.
In order to gain more information on the materials pressure-sensing characteristics, samples were tested using the dead weight test rig, since this method yields more accurate results. Sensor characteristics including linearity, hysteresis, reproducibility, creep and temperature coefficient of capacitance (TCC) were determined. A brief summary of the results is presented in Tab. 1. Fig. 4 shows the hysteresis as measured for a sample containing 6 wt.-% carbon. It can be seen that the level of hysteresis measured for this material is much lower than 8%, which has been reported in ref. [6] . Samples containing carbon black showed a slightly improved hysteresis, which may be related to the reinforcing effect of the filler. However, samples show poor reproducibility as shown in Fig. 5 , and capacitance values are prone to drift when placed under a static pressure. Samples were also placed on a hot plate, and the relative change in capacitance with increasing temperature was recorded, as shown in Fig. 6 . Using this data, the materials TCC can be calculated from Eq. (2). In this equation, C t1 is the capacitance at one temperature, C t2 is the capacitance at the second temperature, and ∆T is the change in temperature. The results show that all silicone samples display a negative TCC effect. In addition, samples with 4 and 6 wt.-% carbon black are more sensitive to temperature changes than pure silicone samples. Normally, for a thick film capacitive device, a TCC between 1500 and 3000 ppm/°C is considered characteristic when a polymer material has been chosen as the dielectric layer [18] . The measured TCC in this case is below the quoted values, showing that the material will remain stable over small temperature fluctuations. 
AC Electrical properties
The AC electrical properties of each sample were examined over a frequency range from 1 kHz to 1 MHz in order to determine any frequency effects and also to assess the effect of carbon black on the material properties. Fig. 7 shows the effect of frequency on the sensors' capacitance. It can be seen that the values of capacitance remain reasonably constant over the entire frequency range. Fig. 8 shows the relative permittivity of each sample. Increasing the carbon black concentration to 6 wt.-% carbon results in a doubling of the relative permittivity of the material. It has been recorded that, at lower concentrations of carbon black, the electronic and ionic conductivity become comparable and it is necessary to consider both effects. This is mainly caused by the presence of free ions, which distort the material's internal electric field and have a direct effect on its dielectric constant [19] . Furthermore, when considering random insulating and conductive regions, the permittivity is increased due to enhanced dipole interactions. Dramatic improvements in the real part of the permittivity have previously been recorded for increased carbon loading of a polymer matrix [20] . In this case, the carbon concentration in polyethylene samples was increased from 0 to 10 wt.-% carbon black. As seen in Fig. 8 , the increase in permittivity was low initially but a notable increase began to occur at 6 wt.-% carbon and continued until the polyethylene-carbon black composite reached the percolation threshold. Thus, improvements in the material's relative permittivity are the main cause of the enhanced sensitivity displayed for samples containing carbon black. When the material is placed under pressure, volume changes occur that will cause an effective increase in the carbon concentration. This results in an increase in the material's relative permittivity. Therefore, it may be seen that the change in capacitance with increasing pressure is not only caused by changes in d, but also by increases in ε r .
8
This result was verified by examining the change in the material's dissipation factor with increasing pressure. The dissipation factor is the ratio of the real and imaginary parts of permittivity, and so it has a direct relationship to the magnitude of relative permittivity. Changes in the dissipation factor, D, for samples containing 0 and 6 wt.-% carbon black are shown in Fig. 9 . The samples' impedance and phase angle have also been measured, the phase angle is shown in Fig. 9 . Eq. (3) shows the relationship between impedance and phase angle (given by tan{X/R}), where Z is the impedance, R is the real part of the impedance and X is the imaginary part of the impedance. It can be seen that the phase angle is negative and the equation shows that for a negative value of the phase angle, the imaginary impedance will be mainly a reactive capacitance, thus demonstrating the capacitive nature of the device [21] . 
Conclusions
In this study, the properties of an RTV silicone rubber and the effects of carbon loading have been studied. It was found that by adding small amounts of carbon to the polymer matrix, the material's sensitivity could be greatly improved. Furthermore, it is found that the measured hysteresis is less than that commonly quoted for silicone rubbers. However, samples have shown a significant structural degradation over time, which will require further investigation. The material's electrical properties were also studied and it is found that while the relative permittivity is increased by the presence of carbon black, the dissipation factor is mainly unaffected. It is also concluded that compression of samples containing carbon black fillers will result in further increases in the material's relative permittivity. Finally, the material shows very insulating properties and is well suited as a dielectric for capacitive sensors.
